This paper has attempted to examine the impact of innovation and energy production (i. e.
Introduction
Even though energy is considered as one of the most fundamental units of production for economic development (Alam et al., 2016; Danish, Zhang, & Wang, 2017) , several environmentalists and economists claim that energy consumption causes environmental degradation Chandia, et al., 2018; Rahman, Hongbo, and Ahmad, 2019) . From the plethora of studies conducted over the past decades, scholars have found a robust relationship between climate change and CO2e, mainly originating from the consumption (cf. Chen et al., 2016; Dogan & Aslan, 2017; Mohiuddin et al., 2016; . Prior studies have shown that the consumption and production of energy experience an increase in the early phases of economic development as economies strive to fulfill the energy requirements of various sectors for production of goods/products, transportation, and beyond. In theoretical terms, the E.K.C. hypothesis explains the nexus between pollution, economic growth and income. It posits that pollution follows the rising curve of economic growth, reaches a certain level, and then declines with the improving levels of income (cf. Danish, Zhang, & Wang, 2017; . Tamazian, Chousa, and Vadlamannati (2009) confirm that developed and developing economiesthe U.S. (23%), the OECD nations (24%), Japan (5.27%), China (11%), Russian Federation (3.80%), India (3%), and Brazil (0.94%)were among the top global economies in the 1990 vis-a-vis CO2e from energy production. As the aftermaths of the Industrial Revolution that occurred nearly two centuries ago, the world has witnessed a phenomenal rise in global population, technological advancement, and material well-being, often at the cost of the global environment (Azevedo, Sartori, & Campos, 2018) . Despite the potential implications of energy production for the global CO2e, current literature remains deficient in empirical studies that examine the impact of energy production on the environment, conjointly in the Brazil, India, Russia and China (B.R.I.C.) and North American Free Trade Agreement (N.A.F.T.A.) economies.
In response to the stated knowledge gap, this study has attempted to investigate the environmental implications of countries with leading economies (G.D.P.), population, and O2e. With the G.D.P. of these economies predicted to surpass G7 nations by 2050, the sampled economies are often proposed to shape the future of global sustainability (Azevedo et al., 2018) . That said, an alarming increase in the levels of CO2e in Brazil (1.15%), Russia (6%), India (5%), and China (16%) in 2007 has raised serious doubts whether [or not] these emerging economies can shoulder the responsibility of leading the world into a sustainable future. China, for instance, ranks among the topmost energy consuming and producing nations of the world. As per the British Petroleum Report (2017), coal production and consumption (leading sources of CO2e) accounted for approximately 62% of the total energy mix in China. In the same year, the reported estimates showed that CO2e from energy consumption augmented by 1.6%, natural gas production increased by 8.5%, and coal production increased by 3.6%. Globally, the coal production peaked by 3.2% or 105 million tones oil equivalent (Mtoe), representing an all-time high growth rate ever since 2011. The British Petroleum Report (2019), however, indicated an aggregate increase of only 1% in the global production of coal. Despite the three successive phases of decline in coal production from 2014 to 2016, the levels of coal production in China and India have increased by 4 (Mtoe) and 18 (Mtoe), respectively. Russia, on the other hand, achieved an all-time high growth rate of 8.2% in natural gas production by providing 17.3% of the global output. The country ranked among the topmost oil and gas exporters, trailing only behind the U.S. Due to the increasing demand for coal (3%) in the power generation sector, coal consumption experienced an increase of around 4%, contributing to a significant increase in CO2e (1.3%). The total energy consumption mix comprised of natural gas (52.3%), oil (21.9%), and coal (13.2%). While the energy production accounted for almost 10.4% of the global output in 2017, the country's share in the global production of gas (17.3%), oil (12.6%), and coal (5.5%) were equally significant. Keeping in view the scope of economic activities in the countries discussed above, it becomes a research imperative to explore the effects of energy production on CO2e in the context of the E.K.C.
Many academics argue that heavy reliance on fossil fuels (i.e., oil, natural gas, and coal) for economic growth have led to CO2e and global warming, and thus, an imminent need exists to focus on the harmful impact of fossil fuel-based energy consumption and production on climate change and pollution (e.g., Danish, Wang, & Wang, 2017; Salim & Ra, 2012) . The methodological novelty of this work resides in several aspects. First, the article quantifies the association between CO2e and energy production from natural gas, coal, and oil in the context of B.R.I.C.S. and N.A.F.T.A. thereby offering the much-needed empirical insight on the topmost energy consuming and producing economies in the world. Second, although few scholars have attempted to explain the nexus between energy production and CO2e, most prior estimates are based on a single non-renewable energy source (e.g., oil or coal). Third, most previous studies have examined energy consumption at an aggregated level using time-series or panel data, while underestimating the influence of crosssectional dependence (C.D.). To address this methodological issue, The present study, has adopted the pooled mean group technique for the panel data to verify the cointegration among variables. Finally, this work extends prior theory and research in the E.K.C. paradigm by integrating energy production and innovation into the equation.
Literature review
The nexus between CO2e and energy consumption has attracted significant academic interest in the past few decades, where academics have used different econometrics techniques, samples, and periods to explain the energy consumption-CO2e nexus. Past empirical evidence that supports a positive interaction between energy consumption and CO2e includes studies conducted for many countries and regions: China Zhang & Cheng, 2009 ); a panel of 69 countries based on income group (Sharma, 2011) ; Turkey (Ozturk & Acaravci, 2013) ; Indonesia (Shahbaz et al., 2013) ; Tunisia (Farhani, Chaibi, & Rault, 2014) ; 17 African economies (Boutabba, 2014) ; a panel of European Union nations (Dogan & Aslan, 2017; Kasman & Selman Duman, 2015) ; the U.S. (Dogan & Turkekul, 2015) ; 12 sub-Saharan African nations (Esso & Keho, 2016) ; the Association of Southeast Asian Nations (Baek, 2016; Wang, Chen, & Kubota, 2016; Zhu et al., 2016) ; four emerging economies (Alam et al., 2016) ; Bulgaria and Greece (Obradovi c & Lojanica, 2017); Japan (Shahbaz, Shahzad, & Mahalik, 2017) ; Pakistan (Mirza & Kanwal, 2017; ; a panel of various countries based on income group (Wang, Li, & Fang, 2017) ; 25 African nations (Zoundi, 2017a) ; and Ghana (Appiah, 2018) . Beyond that, few researchers have also studied the association between CO2 and energy use at a disaggregated level. For instance, Alkhathlan (2013) investigated the link between growth, pollution, and energy consumption at both aggregated and disaggregated level for Saudi Arabia. Using the total energy consumption for the aggregated level of analysis and fossil-fuels (oil, gas, and electricity) for the disaggregated level, the authors found a negative impact of gas and electricity consumption on CO2e. Alternatively, Ahmad et al. (2016) examined the short and long-term connection between CO2e and energy use at the disaggregated and aggregated level in India for the time period 1971-2014 using the A.R.D.L. model. The empirical model suggested that the consumption of aggregated and disaggregated energy (including oil, coal, gas, and electricity) have different impacts on CO2e.
Considering energy production, past research on the energy production-CO2eincome nexus remains limited to this date. Ghosh (2010) , for instance, tested the same relationship in India for the period 1971-2006 and validated a one-way causality run from growth to energy supply and from energy supply to CO2e in the short-term. Mohiuddin et al. (2016) examined the relationship between energy use, GDP, CO2e, and electricity production (natural gas, oil, and coal) in Pakistan for the period 1971-2013. Using Vector-error Correction Model (V.C.E.M.), the authors found that a 1% increase in oil-based energy production causes a 13.7% increase in CO2e, energy consumption, gas-based energy production, and G.D.P. were identified as the key determinants of CO2e. In another study, Danish et al. (2017) examined the association between economic growth, CO2e, and energy production in Pakistan for the period 1970-2011. The empirical estimates suggested that energy production from fossil fuel is a strong determinant of CO2e, and that, a two-way causality exists between CO2e and energy production in the long run. Moreover, extant works that examine income and income square in the context of the E.K.C. hypothesis have provided sufficient evidence that supports that a rise in income leads to environmental degradations during the early stages of economic growth, but after reaching a certain level the pollution diminishes with increasing levels of income (cf. Danish, Zhang, & Wang, 2017; Esso & Keho, 2016; Jalil & Mahmud, 2009; Kivyiro & Arminen, 2014; Ozturk & Acaravci, 2013; Pao & Tsai, 2011; Saboori, Sulaiman, & Mohd, 2012; Sinha & Shahbaz, 2018) . In the same context, some researchers have also assessed the effects of research and development (R&D) on CO2e. For instance, Khan, Sisi, and Siqun (2018) found that research and development (R&D) mitigates CO2e through various innovation activities and adaptations of new green technologies. Using a non-parametric approach for G7 nations, Churchill, Inekwe, and Smyth (2019) observed that the association between R&D and CO2e was time-dependent, where the coefficient was found to be negative for three quarters and positive for a 35-year period. Mensah et al. (2018) also confirmed that innovation led to CO2e in most of the 28 OECD sampled economies, though such negative effects varied across countries. Retrospectively, it appears that most prior studies have predominantly focused on the relation between CO2e and energy consumption rather than energy production, a knowledge gap that has yet to be addressed.
Research methodology

Model specifications
The current model was developed in line with the previous research on the E.K.C. hypothesis (cf. Danish et al., 2017; . Following the Pesaran, Pesaran, Shin, and Smith (1999) assertions, the short and long-term effects were assessed using the P.M.G. techniques that permit estimation of short-term causality test. This technique is used to measures the robustness of the coefficients correlated to the lagged difference and the long-term causality associated with the E.C.T. coefficient. Besides, this method facilitates the assessment of crosscountry heterogeneity by allowing for short-run adjustment and the speed of convergence across countries (Park, 2018) , yet in effect, the short-term coefficients are not restricted to be the same across countries (Fromentin, 2017) . Based on such assertions, the following model was specified for analysis in the current study.
The log-linear form of eq. (1) can be rewritten as follow:
By re-formulating eq. (2), we obtained attained eq. (3) depicting the Pesaran et al. (1999) P.M.G. techniques for detecting the speed of short-term adjustment with long-term effects estimation.
term across i and t with variances d 2 i > 0; 0 ¼ dispersed separately of the regressors; and Ӽ i,t ¼ error correction models to short-run dynamics, as shown below in eq. (4):
The short-term effects of each explanatory variable were attained with the differences term (Ʃ) through lag length 'q,' as per the Akaike Information Criterion (A.I.C.) and A.R.D.L. (1, 1, 1, 1, 1) .
Data sources and variables
The data were collected from the British Petroleum Statistic Reports (BP, 2017) and the World Bank Indicators (WDI, 2018) for the period 1992-2016. The balance data comprised of some socio-economic indicators of emerging economies in B.R.I.C. and N.A.F.T.A. The selection of study sample was based on the rationale that the selected countries shared socio-economic characteristics: CO2e, economic activities, population growth, and energy production. The availability of complete and balanced data, especially for the Russian Federation, was another reason for sample selection. For data sources and variable measurements, please see the details in Appendix A. The econometric analyses were conducted using the S.T.A.T.A. 13 software.
For this study, CO2e (measured in Mtoe) was taken as a dependent variable (a proxy for environmental quality), while other dependent variables comprised of coal, natural gas production (measured in Mtoe), and oil (measured in Mt). Following Mensah et al. (2018) , we used the patent application (a proxy for innovation) as a control variable consistent. Instead of using R&D data, the availability of patent data in the balance form was a primary reason for data selection. The availability of this data as a public document with complete information offers considerable credence on the background and activities of assignees, while it simultaneously originates from a novel process that combines R&D activities and productivity (Hasan & Tucci, 2010) . For the dependent variables, we used per capita real income and its square (at constant 2010 U.S.D.) and transformed constant G.D.P. by dividing it with the total population.
Data analysis
As per the generally accepted procedure, the C.D. between the chosen variables across the panel data was scrutinised using the Pesaran (2004) C.D. test. Despite the balanced data, the C.D. test was considered critical to avoid the risk of model spuriousness and biased results. The panel unit-root tests are often considered as a methodological requirement before examining co-integration between variables. Panel unit-tests are often recommended as a prerequisite before examining the co-integration between variables. Thus, the Levin, Lin, and Chu (2002) (L.L.C.) panel unit-root test, an extension of the Augmented Dickey-Fuller (A.D.F.) test, was conducted at the level and first difference. Zoundi (2017b) , however, points out a methodical limitation in the L.L.C. tests, i.e., the autoregressive coefficient is assumed to be constant across the panels that are expected to suffer from power loss. Breitung (2000) offers a remedial measure to deal with such a problem by proposing a test that addresses potential bias generated due to the L.L.C. test. As the presence of I(1) in the panel (as in present case) prompts exploring the long-run estimates Kahia, Safouane Ben Aissa, & Lanouar, 2017) , Kao (1999) test of co-integration was adopted to test the null hypothesis (no co-integration) vs the alternative hypothesis (co-integration). As a conceptual development, Kao (1999) utilised both A.D.F. and D.F. to test cointegration in the panel, an approach considered equal to the Engel-Granger techniques (Zaman, Khan, & Rusdi, 2016) . Table 1 displays the descriptive statistics of all variables. As seen below, innovation (patents) demonstrated substantial variance than other variables in the N.A.F.T.A. economies, possibly due to the higher standard deviation. In terms of country-wise statistics, gas production and real per capita income were found to be more volatile than other variables in Brazil and Russia, respectively. With higher standard deviation values, innovation displayed higher volatility than real per capita income, coal, oil, and gas production in India and China. With a probability value of less than 5%, CO2e and coal production reflected an abnormal distribution for Russia and the U.S., respectively. Table 2 shows the results of the C.D. test. The empirical outputs provided sufficient evidence for the rejection of the null hypothesis of no-C.D. at a 1% level, while simultaneously confirming the alternative hypothesis of C.D. between considered variables. For the test of stationarity, Table 3 exhibits that all the data are non-stationary at the level and becomes stationary at first difference. After performing the L.L.C. and Breitung unit-root test, the estimates reflected the existence of I (1) integration for all variables; subsequently, allowing for testing the hypothesis of cointegration between considered variables. Table 4 displays the results of the residual co-integration test, which strongly rejected the null hypothesis (at 1% critical value) and offered sufficient evidence of cointegration among the variables. Table 5 presents the results of long-term parameter estimators, namely, the dynamic fixed effect (D.F.E.), mean group (M.G.), and pooled means group. After calculating the pooled mean group estimates for the model, we proceeded with the D.F.E. and M.G. The pooled mean group estimator follows the assumption that longterm elasticities are same across all panel countries and the panels, to some extent, will share some common characteristics in the long run. Instead, the M.G. estimator is considered less informative given that all cases in the panel are assumed to be unique with no similarities. Using the Hausman (1978) specification test, the null hypothesis of homogeneity was based on two distinct comparisons: (a) M.G.-pooled means group (b) D.F.E.-pooled means group. This specification test supported the pooled means group; against M.G. and D.F.E. as the p values were found to be higher than 0.5 in both cases. Table 5 shows that coefficients of all variables are positive and statistically significant, except for innovation. As predicted, the empirical results reflected the high dependency of sampled economies on coal and oil energies, where a 1% increase in the production of coal and oil increased CO2e by 0.37% and 0.06%, respectively. Consistent with the British Petroleum Report (2017), current findings offered empirical evidence that oil and coal production are among the primary determinants of CO2e. Moreover, the results showed that a 1% rise in natural gas production reduced CO2e by À0.075% in the long-term. This adverse relationship lends credence to prior findings (e.g., Alkhathlan, 2013 ) that natural gas production can be adopted as a more eco-friendly alternative to oil and coal production to reduce CO2e. The positive yet insignificant coefficient of innovation was somewhat surprising, yet in effect, Mensah et al. (2018) also observed mixed results for innovations in some OECD economies. Furthermore, the positive coefficient of income per capita and the negative (significant) coefficient of income per capita (squared) suggested that the former contributes but the later disrupts CO2e: consequently, confirming the existence of the E.K.C. across all panels, consistent with prior findings (cf. Sinha & Shahbaz, 2018) . The negative and statistically significant coefficient of the E.C.T. (À0.31841) also provided support for cointegration, thereby confirming the long run association between CO2e and other explanatory variables. As indicated by present results, the existence of dynamic stability (or long-term) relationship between variables is measured through the E.C.T. coefficient values, ranging between 0 and À2 (Fromentin, 2017) . A possible explanation for the highly significant coefficient is that the current sample includes the U.S. and Chinatop-ranking global economies visa-vis coal production, coal consumption, and CO2e. Reported estimates demonstrate that coal consumption has been consistently rising across the world: Russia (1.3%, 2017), India (18Mtoe, 2019), China (4Mtoe, 2019) and the world (1%, 2017) (BP, 2017). To conserve space, the result for short run estimates were excluded given that most variables output reflected insignificant signs, except for coal production.
Results and discussion
Conclusion
This article has attempted to fill a critical knowledge gap in the economics literature by exploring the integrating energy production with energy consumption, income, and CO2e in the framework of the E.K.C. hypothesis for seven economies in B.R.I.C.S. and N.A.F.T.A. Using the P.M.G. estimator for the analyses of correction the panel data, the empirical results indicated that production of coal and oil has a positive and significant relationship with CO2e in all panels, while the coefficient of coal (significance at 1%) offered sufficient evidence to conclude that coal is one of the leading determinants of CO2e. This article also confirmed the existence of the E.K.C. hypothesis in the selected economies. Also, the impact of innovation on CO2e in the long-term was found to be insignificant, but natural gas production was found to have a mitigating impact on CO2e in the long-term. The most important policy implications derived from current findings are as follows. First, the insignificant role of innovation asserts the need for governments to initiate more R&D investment in eco-innovation and cleaner technologies. Second, the adverse relationship of natural gas production with CO2e observed in this study reflect that the ongoing global focus on the natural gas exploration and consumption as an eco-friendly alternative to oil and coal has been rewarding. That said, the growth estimates for the consumption and production of coal and oil in 2019 in the developed and developing economies (e.g., the U.S., China, India, and Russia) are still alarming for global sustainability. Being the most influential stakeholders in the global energy, policymakers from these bi-polar economies must recognise their shared responsibility to collaborate more effectively in terms of disrupting the continually rising rate of global CO2e that affects not one but all. More precisely, there exists an imminent need to develop energy matrices at both regional and country level to bind, subsidise, and reward those economies that introduce and achieve shared renewable energy targets, invest in renewable energy resources, replace conventional with more eco-friendly energy sources, and invest in environment-focused R&D.
Indeed, the present work suffers from certain limitations stated henceforth. First, the empirical analyses are based on not all but few of the top energy-producing economies. Researchers are encouraged to address this limitation by examining other oil-rich economies in the Middle East and Africa, although the unavailability of data for different energy sources, especially coal production, can prove to be challenging. Second, the article examined the role of energy production at the disaggregate level of analysis with primary energy sources (gas, oil, and coal) rather than aggregate level only. Future research is expected to extend the present framework through other sources of energy, e.g., wind, solar, biomass, electricity, and nuclear. Finally, researchers are also encouraged to test the current model for single-country analysis using various econometric techniques.
